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Dynamin 3 Is a Component of the Postsynapse,
Where it Interacts with mGluR5 and Homer
integral role in synaptic vesicle recycling [4, 9]. We and
others identified Dynamin 2 (Dyn2) as a ubiquitously
expressed isoform that can mediate multiple endocytic
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and act as a modulator of the actin cytoskeleton [13–15].1Molecular Neuroscience Program and Graduate
School Dynamin 3 (Dyn3) was originally isolated as a testes-
specific isoform [16] but was later found to be addition-2 Center for Basic Research in Digestive Diseases
Mayo Clinic ally expressed in brain, lung, and heart [3, 17]. During
brain development, Dyn3 is rapidly upregulated through-200 First Street, S.W.
Rochester, Minnesota 55905 out synaptogenesis, suggesting a possible role for this
isoform during synaptic development [17]. But unlike3 CNRS UMR 5091
Institut Franc¸ois Magendie other dynamin isoforms, when expressed in epithelial
cells, Dyn3 did not colocalize with standard endocyticRue Camille Saint Saens
33077 Bordeaux Cedex markers, nor did it accumulate at clathrin-coated pits
[3]. To date, no study has identified a specific functionFrance
for Dyn3 in any cell type.
To define the roles of different dynamin isoforms in
neuronal tissue, we examined the developmental ex-Summary
pression and localization of dynamin isoforms in dissoci-
ated rat hippocampal neurons (Figure S1). We foundThe dynamins comprise a large family of mechanoen-
Dyn1 and Dyn3 to be dynamically regulated at the mRNAzymes known to participate in membrane modeling
and protein levels as well as differentially localized overevents [1, 2]. All three conventional dynamin genes
time in culture, paralleling the patterns of known synap-(Dyn1, Dyn2, Dyn3) are expressed in mammalian brain
tic markers. These data suggested that dynamin iso-and produce more than 27 different dynamin proteins
forms may perform a role during synaptogenesis. Dyn2as a result of alternative splicing [3]. Past studies have
did not exhibit these same changes over time, causingsuggested that Dyn1 participates in specialized neu-
us to focus on the other two isoforms. Using matureronal functions such as rapid synaptic vesicle recy-
hippocampal neurons, we next sought to further definecling [4], while Dyn2 may mediate the conventional
the localization of Dyn1 and Dyn3. All subsequent de-clathrin-mediated uptake of surface receptors [5].
scriptions were derived from neurons that were over 21Currently, the distribution, expression, and function of
days in vitro (DIV). Neurons were colabeled with Dyn1Dyn3 in neurons, or in any other cell type, are com-
antibodies (Figure 1A) and either synaptotagmin (Figurepletely undefined. Here, we demonstrate that Dyn1
1A) or PSD-95 (data not shown). Both synaptic markersand Dyn3 localize differentially in the synapse. Dyn1
labeled axonal varicosities, where the Dyn1 fluorescentconcentrates within the presynaptic compartment,
signal was the highest (arrows, Figure 1A). To confirmwhile Dyn3 localizes to dendritic spine tips. Within the
the presynaptic antibody localization of Dyn1, Dyn1aa-postsynaptic density (PSD), we found Dyn3, but not
GFP was transfected into neurons at 10 DIV, and cellsDyn1, to be part of a biochemically isolated complex
were processed for immunocytochemistry at 21 DIV.comprised of Homer and metabotropic glutamate re-
Axonal varicosities running alongside dendrites wereceptors. Finally, although dominant-negative Dyn3 did
strongly labeled with Dyn1aa-GFP (Figure 1B), and thesenot seem to inhibit receptor endocytosis, overexpres-
concentrations colocalized with the synaptic markersion of a specific Dyn3 spliced variant in mature neu-
synapsin (arrows, Figure 1B). We next confirmed thatrons caused a marked remodeling of dendritic spines.
the Dyn1aa-GFP in the presynaptic varicosities wasThese data suggest that Dyn3 is a postsynaptic dy-
functional by challenging the transfected neurons tonamin and, like its binding partner Homer, plays a
take up the lipophilic dye FM4-64 upon stimulation. Nor-significant role in dendritic spine morphogenesis and
mal synaptic vesicle recycling occurred after depolariza-remodeling.
tion in neurons expressing Dyn1aa-GFP (arrows, Figure
1C), but cells expressing a mutant Dyn1 deficient in
Results and Discussion GTP hydrolysis (Dyn1aa(K44A)-GFP, [5]) failed to take up
FM4-64 (arrows, Figure 1D). Thus, a GTPase-deficient
Dynamin was initially proposed to function during syn- Dyn1 was capable of blocking synaptic vesicle recy-
aptic vesicle recycling, based on work utilizing the Dro- cling. Our immunofluorescence and dye uptake data
sophila temperature-sensitive shibire protein, the fruitfly suggested that Dyn1 localized and functioned at the
homolog of dynamin [6, 7]. In mammalian cells, there presynapse, but to confirm this at the ultrastructural
are three distinct dynamin isoforms, each with a specific level, we fixed and processed adult rat forebrain synap-
tissue distribution. Dynamin 1 (Dyn1), originally isolated tosomes for immunogold electron microscopy. Antibod-
as a microtubule binding protein in brain [8], plays an ies against Dyn1 mainly labeled the presynaptic termi-
nals of synaptosomes (Figures 1E and 1E), and gold
particles were found around clusters of synaptic vesi-*Correspondence: mmcniven@mayo.edu
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Figure 1. Dyn1 Is Enriched in Synaptic Boutons
(A and A) (A) Dyn1 antibodies stained the axons and axonal varicosities of mature neurons (see arrows). (A) These varicosities were shown
to be synaptic boutons, as demonstrated by colabeling with synaptotagmin (red, see arrows).
(B and B) Neurons transfected with Dyn1aa-GFP were labeled with antibodies against synapsin (red) and the dendrite-specific marker MAP2b
(blue). (B) Dyn1aa-GFP trafficked into the axons and was sequestered in axonal varicosities. (B) The addition of the synapsin channel confirmed
that these varicosities were synaptic boutons, for the Dyn1aa-GFP and synapsin both label the same structures (see arrows).
(C) Neurons transfected with Dyn1aa-GFP were challenged to take up FM4-64 in response to a depolarizing stimulus. Arrows indicate Dyn1aa-
GFP-positive boutons that are also labeled with the dye (red).
(D) Functional Dyn1 is necessary for synaptic vesicle recycling, for neurons transfected with a GTPase-deficient Dyn1 (Dyn1aaKA-GFP) were
unable to take up FM4-64 following depolarization. Arrows indicate mutant Dyn1-positive boutons that are not labeled with the dye. The dye
was actively endocytosed by surrounding nontransfected axons. The scale bar represents 5 m for (A)–(D).
(E and E) Two examples of Dyn1 antibody labeling in synaptosomes reveal a presynaptic localization for Dyn1 at the ultrastructural level.
The white arrows indicate clusters of Dyn1 immunolabeling. Mit, mitochondria; DC, dense-core granule; PSD, postsynaptic density. The scale
bar represents 100 nm.
cles, but outside of the active zone itself. A blinded fungal toxin used to label the filamentous actin in den-
dritic spines. Figure 2B suggests that Dyn3 does notquantitation (see the Supplemental Experimental Proce-
dures available with this article online) was completed reside on or in the dendrites, but rather at the tips of
dendritic spines. Each Dyn3 puncta was slightly largerto determine the number of gold particles localizing to
the pre- or postsynapse (see Table S1 in the Supplemen- in diameter than that of the spine shaft, suggesting that
Dyn3 was mostly in the spine head. Indeed, neuronstal Data). Taken together, these morphological results
strongly suggest that a majority of Dyn1 in the neuron costained for Dyn3 and PSD-95 showed a substantial
colocalization between these two proteins, again, at theis found in the presynaptic terminal and participates in
synaptic vesicle recycling. tips of the dendritic spines (data not shown). These
experiments suggested that a majority of Dyn3 residesTo further define the localization of Dyn3, we com-
pared the distribution of this dynamin isoform with that in the postsynapse. To determine whether exogenously
expressed Dyn3 would target to the postsynapse, Dy-of various neuronal markers in mature cultures. Interest-
ingly, neurons colabeled with antibodies to Dyn3 and the n3aaa was tagged with GFP and was transfected into
neurons. After allowing transfected neurons to maturedendrite/soma-specific marker microtubule-associated
protein 2b (MAP2b) suggested that the Dyn3 puncta did and develop spines, we colabeled cultures with rhoda-
mine-phalloidin or with antibodies against PSD-95 ornot reside directly on the shafts of the dendrites (Figure
2A). To investigate this pattern further, neurons were synapsin. Consistent with Dyn3 antibody labeling, the
Dyn3aaa-GFP chimera was targeted to the ends of phal-triple labeled with antibodies against Dyn3 and MAP2b
in conjunction with rhodamine-conjugated phalloidin, a loidin-stained dendritic spines (data not shown) and was
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Figure 2. Dyn3 Resides at the Tips of Dendritic Spines
(A) Neurons were colabeled with antibodies against Dyn3 (green) and MAP2b (red). Dyn3 puncta were observed along the dendrites but were
adjacent to the dendritic shaft (arrows).
(B) Neurons were triple labeled with Dyn3 (green) and MAP2b (blue) antibodies and rhodamine-phalloidin (red) to reveal Dyn3 puncta at the
tips of actin-rich dendritic spines (arrows).
(C) To confirm this postsynaptic localization, neurons were transfected with Dyn3aaa-GFP and were labeled for PSD-95 (red). The Dyn3aaa-
GFP puncta labeled the tips of spines and colocalized with PSD-95 (arrows).
(D) Neurons were transfected with Dyn3aaa-GFP and were colabeled for MAP2b (blue) and synapsin (red). The Dyn3 signal was distinct from
the presynaptic marker synapsin (arrows). The scale bar represents 5 m for (A)–(D).
(E and E) Two examples of Dyn3 antibody labeling in synaptosomes reveal a predominantly postsynaptic localization at the ultrastructural
level. The white arrows indicate clusters of Dyn3 immunolabeling. SVs, synaptic vesicles; DC, dense-core granule; PSD, postsynaptic density.
The scale bar represents 100 nm.
incorporated into the postsynapse, as demonstrated by isolated synaptosome and postsynaptic density (PSD)
fractions was performed (Figure 3A) to determine incolocalization of Dyn3aaa-GFP and PSD-95 (Figure 2C).
In addition, these Dyn3aaa-GFP puncta were adjacent which subcellular neuronal compartments each dy-
namin isoform was enriched. Synaptosomes (containingto presynaptic terminals labeled by synapsin (Figure 2D).
Other Dyn3aaa-GFP puncta were observed throughout both pre- and postsynaptic structures) were initially iso-
lated from whole rat brain. Detergent treatment of thethe dendrites and even within the axons, but these Dyn3
populations did not colocalize with synaptic markers synaptosomes solubilized the membranes and released
the postsynaptic density, a detergent-resistant complex(data not shown). Focusing on this postsynaptic local-
ization for Dyn3, we again performed immunogold elec- of scaffolding and receptor proteins, which was then
pelleted (PSDI fraction). The remaining supernatant fol-tron microscopy on isolated adult rat forebrain synapto-
somes, this time using Dyn3 antibodies. Most of the lowing PSDI pelleting contained presynaptic proteins
and postsynaptic proteins that did not interact with theDyn3 gold particles were found to be postsynaptic and
within 50 nm of the synaptic cleft (Figures 2E and 2E). PSD. We found that after this detergent treatment both
Dyn1 and synaptophysin (a presynaptic control protein)A blinded quantitation of gold particle localization con-
firmed this notion (Table S1). These morphological re- were extracted into this supernatant. In contrast, a por-
tion of Dyn3 pelleted with the PSDI fraction, althoughsults strongly suggest that a majority of Dyn3 is found
in the postsynaptic region. a substantial population of Dyn3 was also extracted,
possibly representing a pool that did not strongly associ-To complement the morphological characterization of
dynamin isoform localizations, a Western blot analysis of ate with the PSD. As a control for PSD isolation, Western
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confirm the specificity of this Dyn3-Homer interaction,
we completed immunoprecipitations of Homer from rat
brain homogenate followed by Western blotting for dy-
namin isoforms. Only Dyn3 was coimmunoprecipitated
with either pan-Homer antibodies (-Homer, Figure 3C),
Homer1-specific antibodies (-Vesl, Figure 3C), or Cu-
pidin (Homer2) antibodies (data not shown), while Dyn1
was not isolated in any case. To test whether Dyn3
interacts with other components of the PSD as part of
a complex mediated by Homer scaffolds, we immuno-
precipitated a type 1 metabotropic glutamate receptor,
previously shown to bind to the EVH1 domain of Homer
[20], from whole hippocampi under nondenaturing con-
ditions and blotted for dynamin. mGluR5 antibodies im-
munoprecipitated Dyn3, but not Dyn1, in this experiment
(Figure 3C). A control antibody (-GST) did not immuno-
precipitate any of the above proteins (data not shown).
The reciprocal experiment, which involved immunopre-Figure 3. Dyn3 Is Biochemically Sequestered to Postsynaptic Sub-
cipitating with a control antibody (nonspecific rabbitcellular Fractions, Where it Interacts with Homer and mGluR5
IgG), -Dyn1, or -Dyn3 antibodies was also performed,(A) Equal protein amounts of whole brain (WB), synaptosomes (Syn),
followed by a Western to detect members of this PSDand postsynaptic density fractions (PSD I, II, III) were separated on
SDS-PAGE gels and blotted for Dyn1, Dyn3, synaptophysin (presyn- complex. We focused on mGluR5 and found that only
aptic protein), Homer, and PSD-95 (postsynaptic proteins). Neither Dyn3 antibodies, and not the control antibody or Dyn1
Dyn1 nor synaptophysin were pelleted with the PSD, but Dyn3 was antibody, could immunoprecipitate this receptor (Figure
isolated in the PSDI fraction and was enriched in the PSDII fraction.
3D). To demonstrate the efficiency of the IP, the same(B) Sequence comparison of the putative Dyn1 and Dyn3 Homer
blot was stripped and reprobed with a pan-dynaminbinding sites. Of these dynamins, only Dyn3 contains the Homer
antibody (MC63). This blot demonstrates that, althoughbinding sequence.
similar amounts of Dyn1 and Dyn3 were immunoprecipi-(C) Both Pan-Homer and Homer1-specific (Vesl) antibodies immuno-
precipitated Dyn3, but not Dyn1, from whole brain lysate. In addition, tated by their respective antibodies, only Dyn3 could
mGluR5 antibodies also specifically immunoprecipitated Dyn3. Fol- isolate mGluR5 (Figure 3D). In addition, Dyn3 antibodies
lowing the gel separation and transfer of the samples to PVDF mem- could also immunoprecipitate another metabotropic
brane, the membrane was split according to molecular weight con-
glutamate receptor isoform, mGluR1a (data not shown).straints and was blotted for the specific proteins listed.
These findings suggest that Dyn3 is specifically re-(D) Dyn3 antibodies can also immunoprecipitate mGluR5. Nonspe-
cruited to the metabotropic glutamate receptors bycific rabbit IgGs, Dyn1, or Dyn3 antibodies were used for immuno-
precipitation from adult hippocampi. Only Dyn3 antibodies could binding to Homer in the postsynapse.
coimmunoprecipitate mGluR5, as demonstrated by the mGluR5 To test the functional implications of the biochemi-
Western blot on the left. The same blot was then stripped and cal interactions described above, Dyn3aaa-GFP and
reprobed for dynamin (on the right) by using a pan-dynamin antibody mGluR5a-N-myc were coexpressed in hippocampal
(MC63) to demonstrate that equivalent amounts of each dynamin
neurons to determine whether Dyn3 participates inisoform were immunoprecipitated.
mGluR5 internalization. The myc epitope on the receptor
was exposed to the outside of the cell, allowing us to
label the extracellular myc and later visualize only the
blots demonstrated that PSD-95 and Homer, integral internalized receptors for qualitative and quantitative
scaffolding proteins within the PSD, were highly en- measures (see the Supplemental Experimental Proce-
riched in PSDI. Additionally, after a second round of dures). Mature hippocampal neurons coexpressing
detergent treatment and pelleting (PSDII fraction), Dyn3 Dyn3aaa-GFP and mGluR5a-N-myc demonstrated a ro-
was enriched, suggesting that this subpopulation of bust constitutive internalization of the mGluR5a receptor
Dyn3 was tightly bound to the PSD. Dyn3 was not found over a 30-min time period (Figures 4A and 4A). We
in the PSDIII protein pellet, produced by extraction with utilized a dominant-negative version of Dyn3 (Dyn3-
ionic detergents, suggesting that Dyn3 is part of the aaa(K44A)-GFP), containing a mutation in its GTPase
PSD but likely does not function as a scaffolding protein. region that was previously shown to block dynamin
Subsequent to the morphological (Figure 2) and bio- function and endocytosis for Dyn1 and Dyn2 [5, 21].
chemical (Figure 3) observations supporting a postsyn- Cells coexpressing this dominant-negative mutant form
aptic localization for Dyn3, we sought to identify any of Dyn3aaa and wild-type mGluR5a-myc did not display
potential Dyn3 binding partners within the PSD. A previ- any reduction in the number of mGluR5a-myc puncta
ous study demonstrated that GST-tagged Dyn3 proline- (internalized receptors) over 30 min (Figures 4B and 4B).
rich domain (PRD) could isolate the PSD scaffolding Receptor internalization under each transfection condi-
protein Homer from brain homogenate. This interaction tion was quantified and is displayed as a percentage of
with the Dyn3-PRD was predicted to be through Homer’s each wild-type isoform control (Figure 4C). No signifi-
EVH1 domain [18]. The EVH1 domain of Homer is ex- cant difference was found in the number of internalized
tremely specific in its binding capabilities, requiring a receptor puncta between these two conditions. Similarly,
PPXXFRP motif for proper binding [19]. While Dyn1 and neither dominant-negative Dyn1 nor dominant-negative
Dyn3 sequences are highly conserved, only Dyn3 con- Dyn2 inhibited constitutive mGluR5a uptake (Figure 4C,
L.F. et al., submitted).tains this specific motif within its PRD (Figure 3B). To
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Figure 4. Dyn3 Does Not Mediate mGluR5 Internalization in Neurons, but Spliced Variants Regulate Dendritic Spine Morphogenesis
(A–B) Mature hippocampal neurons transfected with both (A) Dyn3aaa-GFP and (A) mGluR5a-myc exhibit robust internalization of mGluR5
in a constitutive manner, similar to those neurons expressing both a (B) GTPase-deficient Dyn3 (Dyn3aaa(K44A)-GFP) and (B) mGluR5a-myc.
There was no difference in the amount of internalized mGluR5 puncta in the mutant Dyn3-expressing cells, and this finding suggests that
Dyn3 may not play a role in mGluR5 receptor endocytosis. The scale bar represents 10 m.
(C) Image analysis of transfected cells revealed no difference in the number of internalized puncta per cell area in Dyn3aaa, Dyn2aa, or Dyn1aa
mutant-expressing cells. The error bars represent SEM.
(D) Dyn3aaa-GFP does not have any effect on the morphogenesis of dendritic spines when expressed in neurons.
(E) Although only differing by ten amino acids, expression of the Dyn3 spliced variant Dyn3baa-GFP in mature neurons results in an extensive
increase in filopodial growth and a concomitant reduction in mushroom-shaped dendritic spines. The scale bar represents 10 m.
In an attempt to discern a function for Dyn3 at the splicing amongst the dynamin family members in the
neuron.postsynapse and in the dendrites, we expressed a sec-
ond common spliced variant of Dyn3, Dyn3baa, in hippo- This study provides the first detailed examination of
Dyn3 localization and function in neurons and comparescampal neurons to examine a possible role for this
spliceoform during receptor endocytosis. Dyn3baa dif- this distribution and function to that of Dyn1. Since its
identification in 1993, the function and subcellular local-fers from Dyn3aaa by only ten amino acids, a cassette
that is spliced into Dyn3baa immediately preceding the ization of Dyn3 in any of the four tissues that express
this isoform have remained undefined. Our data suggestpleckstrin homology domain [3]. Remarkably, expres-
sion of Dyn3baa-GFP induced a massive outgrowth of that, in a mature neuron, Dyn3 localizes to the post-
synapse and associates with components of the PSDfilopodia on transfected cells and a marked decrease
in the normal distribution of mushroom-shaped dendritic (Figures 2 and 3). This recruitment to Homer and mGluR5
could place Dyn3 in a position to participate in the devel-spines (Figure 4E). This phenotype was apparent 2–3
days following transfection and was persistent for the opment and growth of the postsynapse. In addition, with
a number of PSD proteins dimerizing and multimerizing,life of the neuron (up to 4 weeks in culture). As with our
previous observations, we did not see this effect when and recent evidence that Dyn2 binds to Shank in the
PSD [22], much flexibility exists for recruiting dynaminneurons expressed Dyn3aaa-GFP for a comparable
amount of time (Figure 4D). Taken together, it seems into many different PSD protein complexes (Figure S2).
The surprising data that Dyn3baa-GFP expression canthat, although Dyn3 may not play an important role in
the internalization of receptors and other components induce morphological changes in the developing neuron
is both intriguing and exciting. The growth and mainte-from the postsynaptic membrane, it participates in the
maintenance of dendritic morphology, specifically, by nance of dendritic filopodia and spines are dependent
upon the actin cytoskeleton, a network recently foundregulating the outgrowth of dendritic protrusions and
the morphogenesis of dendritic spines. This result also to be dynamically influenced by dynamin. Dyn2 is an
important factor in the maintenance of numerous actin-underscores the potential importance of alternative
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